Diagonally weighted space-time trellis codes using onebit feedback of channel information are considered. We derive performance criteria for designing STTC and weighting matrix in perfect feedback channel. A simple modification of conventional STTC using unitary rotation is proposed and some modified STTCs are found through computer search. Simulation results show that the modified STTCs achieve the improved performance over a wide range of feedback channel condition.
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Introduction
Since the publications of [1] , [2] , which introduced the bandwidth and power efficient methods that realize the benefits of multiple transmit antennas, there has been considerable interest in the space-time codes (STCs). Most work on STCs assumes that the channel information at the transmitter is not available. However, in some communication systems it is reasonable to assume that channel information at the transmitter is available. The results in [4] , [5] show that the diagonal weighting scheme using the quantized feedback improves the performance of orthogonal space-time block code (OSTBC) and provides the robust-ness to the feedback channel errors.
In this letter, we apply the diagonal weighting scheme using one-bit feedback to STTCs. In the case of perfect feedback channel, we derive performance criteria for designing STTC and weighting matrix and propose a simple modification of conventional STTC based on the performance criteria. While the modified STTC has the same performance in the absence of feedback of channel information, the modified STTC achieves the improved performance in the presence of feedback of channel information.
Diagonally Weighted STTC
We consider a communication system employing two transmit antennas and one receive antenna that operates in flat Rayleigh fading channels. It is assumed that the channel coefficients for different transmit-receive antenna pairs are statistically independent. We further assume that the channel coefficients remain constant during a frame (l symbols) and vary independently from one frame to another. In the case of the diagonally weighted STTC (DW-STTC), the 2 × l encoded signal matrix, i.e., codeword X is pre-multiplied with a weighting matrix W taken from a weighting matrix constellation W = {W 1 , W 2 } by using one-bit feedback and it is transmitted from two transmit antennas. Then the l-tuple received signal vector y is given by
where h = (h 1 , h 2 ) is the channel vector of Rayleigh fading coefficients, n = (n 1 , · · · , n l ) is the l-tuple vector of additive noise. The channel coefficient h i of transmit antenna i is independent and identically distributed zero mean circularly symmetric complex Gaussian random variable with variance 0.5 per dimension. The additive noise n t at time t is independent and identically distributed zero-mean circularly symmetric complex Gaussian random variable with variance N 0 /2 per dimension.
In the presence of feedback errors, the estimation of the weighting matrix is required at the receiver. In this letter, we assume that the receiver perfectly knows the weighting matrix used by the transmitter as well as channel state information (CSI). Then the receiver can detect the codeword as followŝ
where C is the set of all codewords, tr(A) is the trace of A, and † denotes the complex conjugate transpose. We consider the following feedback scheme using diagonal weighting matrices, which has been applied to OS-TBC.
Here, ω is some positive real number such that 0.5 ≤ ω 2 ≤ 1.
In the perfect feedback channel, the conditional pairwise error probability (PEP) for a given h is given by
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Since A X,X of (4) is Hermitian, there is a unitary matrix U and a real diagonal matrix Λ = diag (λ 1 , λ 2 ) such that A X,X = UΛU † [6] . The 2 × 2 unitary matrix U can be expressed as
for 0 ≤ r ≤ 1 and −π ≤ θ 1 , θ 2 , θ 3 ≤ π. For simple notation, we denote 2 × 2 unitary matrix as U = unit (r, θ 1 , θ 2 , θ 3 ). Let h max and h min denote the larger and smaller values between h 1 and h 2 , respectively. After averaging the right hand side of (4) with respect to independent uniform distributions of ∠h max and ∠h min , we obtain the following conditional PEP for a given {|h max |, |h min |}
where
, and I 0 (x) is zero-order modified Bessel function of the first kind.
From (6), it is observed that the only ω, λ 1 , λ 2 , and r affect the performance of DW-STTC. In particular, we see that , r as well as λ 1 and λ 2 , affects the performance of DW-STTC. Unfortunately, since it is intractable to average the right hand side of (6) with respect to distribution of {|h max |, |h min |}, the optimum values of ω, λ 1 , λ 2 , and r minimizing maximum average PEP are not obtained. In this letter, we use the following heuristic design criteria for the STTC and the weighting matrices.
Criterion 1: The minimum value of γ 1 and γ 2 has to be maximized. Specifically, the sum of eigenvalues of the matrix A XX has to be maximized and the difference of eigenvalues of the matrix A XX has to be minimized. In other word, both sum and product of eigenvalues of the matrix A XX has to be maximized. Simultaneously, |r 2 − 0.5| has to be minimized.
Criterion 2: The absolute value of ξ has to be minimized. If ω = 1 and/or λ 1 = λ 2 , the absolute value of ξ is minimized.
Since the STTCs have generally the unequal eigenvalues, we use ω = 1 in perfect feedback channel.
Modification of STTC
Criterion 1 shows that the design criterion of STTC with feedback is similar to the design criterion of STTC without feedback. In particular, if we can adjust r 2 without changing the eigenvalues of the matrix A XX , we can construct the STTC with improved performance. Furthermore, such codes achieve the same performance in the absence of feedback of CSI.
It is known that STTCs of [3] provide better FER performance than other known codes. We use the STTCs of [3] with two transmit antennas. In order to adjust without changing the eigenvalues of A XX , we consider a following simple modification of STTC.
Let V = unit(r,θ 1 ,θ 2 ,θ 3 ) denote the 2 × 2 unitary matrix. Then, the modified STTCC of C is constructed as
by rotating codewords with unitary matrix V. While the modified STTCC has the same performance as C in the absence of feedback,C can achieve the improved performance in the presence of feedback if V is appropriately chosen. ForX = VX andX = VX , since the corresponding AX ,X is Hermitian, AX ,X is written as AX ,X =ŪΛŪ † wherē U = unit(r,θ 1 ,θ 2 ,θ 3 ) is unitary and Λ = diag(λ 1 , λ 2 ) is real diagonal matrix. From the following relationŪ = VU, it follows that
From (8), it is shown that onlyr andθ 1 −θ 2 affect the value ofr 2 . In slow fading channels, it is known that performance of STTC is affected by many pairwise error events due to the limited diversity. Furthermore, there are different matrices A XX associated with the maximum PEP. Thus, we find the optimum unitary matrix V through computer search.
First we derive the criterion to choose the unitary matrix V. In perfect feedback channel we use ω = 1, then the conditional PEP for modified DW-STTC (MDW-STTC) can be expressed as
. From order statistics, the probability density function (pdf) of |h max | 2 is given by [7] 
Then, we obtain the average PEP for MDW-STTC as
From the union bound, the FER is given by
Now we can find the optimum unitary matrix V minimizing the union bound of FER. However, it is tedious to compute the union bound using all pairwise error events. Thus we compute the truncated union bound using the pairwise error events with the first three minimum determinants. The values ofr 2 andθ 1 −θ 2 corresponding to the optimum V minimizing the truncated union bound are listed in Table 1 . In this letter, we setθ 1 = 0 andθ 3 = 0.
Simulation Results
In this section, we provide simulation results for FER performance of MDW-STTC. In poor feedback channel, [4] argued that an ω < 1 should be chosen to achieve robustness. Figure 1 shows the effect of ω 2 on the FER of 16-state DW-STTC and the corresponding MDW-STTC for some values of P c . Here, P c denotes the probability that the feedback bit is correct. The FER is normalized such that the value corresponding to unweighted STTC is equal to one. In all simulation, a frame consists of 130 transmissions. If ω 2 is appropriately chosen, 16-state MDW-STTC outperforms 16-state DW-STTC over a wide range of feedback channel condition. Although not presented, similar results are obtained for 4, 8, and 32-state MDW-STTC. It is observed that the optimum value of ω 2 of DW-STTC is not one in the even perfect feedback channel, which is caused by the differences of γ 1 and γ 2 of some pairwise error events. Through the construction of MDW-STTC, the last statement of criterion 1 reduces the difference ofγ 1 andγ 2 . Thus ω 2 = 1 minimizes the FER of MDW-STTC in the feedback channel with high reliability. Figure 2 shows the FER performance of 4-state MDW- STTC, in comparison with 4-state DW-STTC for some values of P c . For each value of P c , ω 2 minimizing FER is found through computer simulation, which is used for simulation of Fig. 2 . As seen, MDW-STTC and DW-STTC has much better performance than unweighted STTC in perfect feedback channel. Figure 3 shows the FER performance of 16-state MDW-STTC, in comparison with 16-state DW-STTC for some values of P c . For each value of P c , ω 2 minimizing FER is found through computer simulation, which is used for simulation of Fig. 3 . As seen, MDW-STTC has much better performance than DW-STTC and unweighted STTC and gains are 1 dB and 2 dB respectively in perfect feedback channel. Note that because MDW-STTC is designed in perfect feedback channel, the performance of MDW-STTC is severely degraded in poor feedback channel. Thus, a high reliability of feedback is required to achieve the sufficient performance improvement.
Conclusions
In this letter, we consider the diagonally weighted STTC with two transmit antennas using one-bit feedback. From the conditional PEP for DW-STTC in perfect feedback channel, we derive the heuristic design criteria for constructing STTC and weighting matrix. By using the proposed design criterion, we provide a simple modification of STTC to improve the performance of DW-STTC. Simulation results show that the modified STTCs achieve better performance than the conventional STTC over the wide range of feedback channel conditions.
